During the electrochemical reaction of lithium with tin, there is sometimes anomalous high-voltage irreversible capacity characterized by an irreversible plateau at about 1.6 V vs. lithium. This has been attributed to electrolyte decomposition catalyzed by pure tin surfaces. Here, we show evidence for this catalytic reaction by in situ atomic force ͑AFM͒ and optical microscopy. During the early stages of the anomalous high-voltage plateau we have observed the formation of a film of decomposition products by both in situ AFM and optical microscopy. If lithium is supplied to the tin electrode at a rate greater than the catalytic process can support, then the cell potential decreases and Li-Sn alloys can form. Therefore, by subjecting the Li/Sn cell to a rapid initial discharge to 0.8 V the formation of this film can be suppressed, as we prove with AFM experiments. This rapid discharge to 0.8 V forms the first Li-Sn phase (Li 2 Sn 5 ) which apparently has no catalytic surfaces that decompose electrolyte. Since little film is formed using this method we then monitored the changes in volume and morphology of patterned Sn electrodes as they reacted reversibly with lithium. The volume of the patterned tin electrodes grows with cycle number due to substantial morphology changes, unlike electrodes made from amorphous Si or amorphous Si-Sn. In recent studies it has been reported that when lithium is electrochemically reacted with pure tin, anomalous high-voltage irreversible capacity is observed in the early stages of cycling.
In recent studies it has been reported that when lithium is electrochemically reacted with pure tin, anomalous high-voltage irreversible capacity is observed in the early stages of cycling. [1] [2] [3] To explain this irreversible capacity, we proposed that pure tin acts as a catalyst for the decomposition of electrolyte. 2 The decomposition of electrolyte continues until a thick layer is formed, thereby slowing the decomposition process. This layer of decomposed electrolyte inhibits the transport of Li thereby decreasing the overall capacity of the cell. To suppress the decomposition of electrolyte, we rapidly discharged Li/Sn cells ͑lithiating the tin͒ to about 0.8 V, forming Li 2 Sn 5 4 on the surfaces of the tin particles. This Li 2 Sn 5 apparently does not decompose the electrolyte and, hence, normal cycling of Li/Sn cells ensues.
Here, we use in situ atomic force microscopy ͑AFM͒ and optical microscopy to observe electrolyte decomposition products on the surface of sputtered tin electrodes during the anomalous highvoltage irreversible plateau. We also demonstrate that this electrolyte decomposition can be suppressed using the method of rapid lithiation to 0.8 V. Using rapidly lithiated electrodes that did not have substantial films of decomposition products, we monitored the evolution of the morphology of a patterned Sn electrode as it reacted with Li in situ.
Experimental
Tin samples were made by magnetron sputtering using a Corona Vacuum Coater's ͑Vancouver, BC, Canada͒ V3T system. The system is turbo pumped and reaches a base pressure of 5 ϫ 10 Ϫ8 Torr. Two inch diameter targets of Sn ͑Alpha Aesar, 99.85%͒ were used. The sputtering chamber is equipped with a 40 cm diam water-cooled rotating substrate table and a stationary mask platform. Sn was sputter deposited using a dc power supply operating at 50 W. The chamber pressure was maintained at 3.2 mTorr of argon during the deposition. The substrate table angular speed was 20 rpm.
Continuous Sn films were deposited on highly polished stainless steel disks ͑10 mm diam and 1.2 mm thick͒ and Cu foil. The stainless steel disks and Cu foil were bonded to the water-cooled substrate table using 3M brand Y9415 double-sided adhesive tape. In the same sputtering run, patterned Sn electrodes on identical stainless steel disks were made by sputtering through a fine mesh having 7.6 ϫ 7.6 m square openings with a periodicity of 12.6 m ͑SPI Supplies, West Chester, PA.͒. The mesh was held in intimate contact with the surface of the substrate using a shop-made assembly. 5 Typically the films were between 0.3 and 0.5 m thick.
In situ AFM experiments were conducted in a specially built workstation as reported elsewhere. 6 Briefly, this workstation is composed of an AFM ͑Molecular Imaging, Phoenix, AZ͒ housed inside an Ar-filled glovebox ͑Vacuum Atmospheres Corporation, Hawthorne, CA͒. The AFM and sample were maintained at constant temperature using a silicone heater ͑Watlow, St. Louis, MO͒. The reaction of Li with Sn was performed in a shop-made wet-cell, also reported elsewhere. 6 In all electrochemical experiments, Li metal ͑FMC, NC͒ was used as both the counter and reference electrode. The electrolyte used was 1 M LiPF 6 ͑Hashimoto͒ in ethylene carbonate/propylene carbonate ͑EC/PC͒ ͑50/50 by volume͒. The mixed solvent of the electrolyte was first dried with 4 Å molecular sieve ͑Aldrich͒. A computer-controlled Keithley 236 source-measure unit was used to control the current to the cell.
Composition analysis and scanning electron microscopy ͑SEM͒ imaging was performed using a fully automated 733 JEOL electron microprobe X-ray microanalyzer equipped with an Oxford Link eXL 131 eV energy dispersive detector. The 1 m electron beam was operated at 15 kV and 15 nA.
X-ray diffraction ͑XRD͒ was performed on Sn films deposited on Cu foil using an Inel curved position sensitive detector ͑CPS 120͒ and a PW-1720 Phillips X-ray generator using Cu K␣ radiation. The incident beam was set at 85°with respect to the surface normal. The scattered X-rays for the range 20°Ͻ 2 Ͻ 85°were detected simultaneously by the CPS for 0.032°increments. The Inel simulates a diffractometer with a fixed sample and tube and a rotating detector; thus the direction of the scattering vector varies for different values of 2. The beam size has a fixed width of approximately 1 mm. Figure 1 shows the XRD pattern of the sputtered Sn film used in our experiments. The sputtered Sn is crystalline, giving sharp diffraction peaks shown by triangles in Fig. 1 . The XRD peaks shown by solid dots are from the Cu foil used as the substrate. The intensities of the diffraction peaks are modified due to the geometry of the X-ray diffractometer mentioned above. Figure 2 shows an SEM secondary electron micrograph of patterned Sn. The surface morphology of sputtered Sn is not smooth and flat as observed for amorphous Si (a-Si). 5 The features of the Sn towers are a result of the fact that Sn is a strong diffuser and prefers to aggregate in large clusters of Sn. In order to check for the presence of oxygen in the sputtered tin samples, electron microprobe analysis was performed. Energy dispersive spectroscopy ͑EDS͒ was used to detect Sn, Fe, and Cr while wavelength dispersive spectroscopy ͑WDS͒ was used to detect oxygen. Figure 3 shows a compositional analysis of a single Sn tower. Figure 3a shows the SEM micrograph of a Sn tower as well as the position and approximate size ͑1 m͒ of the electron beam used during the analysis. Figure 3b shows the atomic percentages of Sn ͑left ordinate͒ and oxygen ͑right ordinate͒. The atomic percentages do not sum to 100% because some Fe and Cr are detected from the underlying substrate. The contributions of Fe and Cr are not displayed in Fig. 3b . Nevertheless, Fig. 3b shows that there is a negligible amount of oxygen in the patterned Sn samples. Similar results were obtained for the continuous tin films. Figure 4 shows the results of an in situ AFM experiment performed on a continuous Sn film sputtered on a stainless steel substrate. Figure 4b shows the voltage vs. time ͑bottom abscissa͒ and AFM scan number ͑top abscissa͒ as lithium is transferred electrochemically to the film. The cell in Fig. 4 was initially cycled at 30 A (38 A/cm 2 ) for the first discharge and 20 A (25 A/cm 2 ) for the following charge/discharge cycles. The first part of the voltage profile shows the anomalous high-voltage irreversible capacity at approximately 1.6 V. We believe that the catalytic decomposition of electrolyte occurs during this plateau. Once the layer of decomposition products is thick enough to slow the catalytic process, then lithium alloying with tin can occur ͑begining at about 17 hours in Fig. 4b͒ and the cell potential drops. Thereafter, the cell cycles normally because the catalytic pure tin surface is not reformed. shows AFM topographs taken during the early stages of discharge ͑transferring lithium to the tin electrode͒. The times when images 000, 025, and 056 were taken are shown on the voltage profile in Fig. 4b by solid dots. Figure 4a shows that the surface of the Sn electrode develops a foreign coating during the plateau at 1.6 V. The change in the morphology of the tin electrode ͑as shown by AFM images from 000 to 056͒ is also accompanied by a large change in surface height. The vertical contrast scale from dark to light in image 000 is from 0 to 136 nm. As lithium is transferred to the Sn electrode the surface roughness increases as shown in images 025 and 056 where the vertical contrast scale is 0-460 and 0-660 nm, respectively. After scan 056 it was not possible to take proper images of the Sn surface due to the increased changes in surface features. Similar experiments using slow galvanostatic discharge were conducted on other Sn samples prepared by sputter deposition and on Sn samples made by electrodeposition and all gave the same results as seen with the AFM. That is, a foreign film develops during the anomalous high-voltage plateau at 1.6 V.
Results
Figures 5a to d show four optical images taken during the in situ AFM experiment described by Fig. 4 . The time when each image was taken is shown on the voltage-time curve in Fig. 5e by solid dots and labels. The original surface of the electrode ͑Fig. 5a͒ is shiny as is typical of most metallic surfaces sputtered on polished substrates. As Li is transferred to the Sn electrode, the surface becomes darker as a film begins to form ͑Fig. 5b͒. The image shown in Fig. 5c shows that further discharge causes the newly formed film to get darker. We believe the film appears darker because it is made of poorly reflective organic material. Figure 5d shows cracks forming in the film revealing the surface of the Sn electrode underneath. As the film cracks away, the catalytic decomposition process can continue.
Beattie et al. 1, 2 proposed that the catalytic decomposition of electrolyte that leads to the anomalous high-voltage irreversible capacity could be bypassed if the Li/Sn cell was first discharged ͑add-ing lithium to the tin electrode͒ very quickly to approximately 0.8 V. At 0.8 V, the first Li-Sn phase, Li 2 Sn 5 , is formed which apparently does not act as a catalyst for the decomposition of the electrolyte. Attempts were made to rapidly discharge continuous Sn films in this manner but unfortunately keeping the Sn film at 0.8 V resulted in the formation of some bubbles due to the high initial current densities that had to be used. These bubbles interfered with the AFM scanning process making it impossible to image the surface of the Sn electrode. Therefore, only patterned Sn surfaces were used for these studies. Since the patterned samples have a smaller amount of active material, much lower currents were needed in order to maintain the electrode initially at 0.8 V. Figure 6 shows in situ AFM images taken during the electrochemical reaction of Li with a patterned Sn electrode. The voltagetime curve at the bottom of Fig. 6 shows the evolution of the cell. The Li/Sn cell was initially held at 0.8 V until the current reached 2 A. Unfortunately, after the constant potential hold, the cell was briefly shorted and was discharged to approximately 0.4 V. After this the cell was cycled using a constant current of 2 A between 0 and 0.8 V. During the last cycle the cell was charged ͑removing lithium from the Sn electrode͒ to 2 V. The AFM images at the top of Fig. 6 show the evolution of the Sn tower as it reacts with lithium. As indicated by the labels in each image, inserting lithium into the electrode causes the tower to increase in height. There is no evidence for the formation of the foreign film of electrolyte decomposition products during this experiment, confirming the ideas of Beattie et al. 1, 2 The images collected during this experiment were quantitatively analyzed.
The AFM topographs in Fig. 6 show unusual features. Figure 7 shows three ͑7a͒ and two ͑7b͒ dimensional AFM images of a Sn tower. As shown, the right and left sides of the tower appear lower than the regions below and above. This shadowing effect is due to the hysteresis of the piezo material used in the AFM scanner. In order to analyze the AFM images shown in Fig. 6 , specially made software designed to sequentially analyze hundreds of images was written. Because of the hysteresis effects, the areas below and above the towers were selected as reference regions. These regions were fitted to a plane, and the volume of the tower was defined as everything above the reference plane and within a user-defined rectangle around the tower. In a similar fashion, the average height of the tower was obtained by fitting a second plane defined on the tower and taking the average distance between it and the reference plane in the defined rectangle around the tower. The average width and length were calculated by finding the intersection between the tower and lines defined at the halfway point on each side of the rectangle. Figure 8a shows the evolution of the width and length of the tower. The tower is initially only about 0.24 m high and about 8 m wide. The adhesion to the substrate is apparently sufficient so that little change in the length or width of the tower occurs. The percentage changes in height and in volume are shown in panels 8b and c, respectively. The height and volume changes of the tower vary in synchronization with the voltage curve shown in panel 8d. That is, the tower expands when lithium is inserted and contracts when lithium is removed. In addition, the Sn sample seems to be undergoing continuous change suggested by the fact that the tower never returns to its initial volume. We speculate that during the charge, regions in the Sn electrode become disconnected from the rest of the tower. More specifically, as the larger Li-Sn phases contract as lithium is removed during the charge cycle, the mismatched boundaries from the different Li-Sn phases cause clusters to become electrically isolated for the rest of the electrode. This in turn causes the Sn electrode to continuously increase in size as lithium is trapped in electrically isolated portions of the electrode.
The constant change in the electrode surface can be seen from the AFM images collected at the top of charge ͑1.3 V͒. Figure 9 shows images 000 ͑a and b͒, 226 ͑c and d͒, and 449 ͑e and f͒ in both two-and three-dimensional representations. These images show that particles that make up the tin tower are continually expanding with cycle number. Eventually, the particles appear to press against each other. In the same manner, the three-dimensional images ͑all shown with the same vertical scale and orientation͒, show how the height of the electrode is also increasing. This supports our hypothesis that lithium, in lithium-tin phases, is getting trapped within the electrode during the charge ͑removing lithium͒ cycle.
Because the Li/Sn cell shown in Fig. 6 was inadvertently shorted during the first discharge, a second experiment was performed on a patterned Sn sample. Figure 10 shows the percentage change in volume ͑10a͒ compared to the cell voltage ͑10b͒ as a function of both time ͑bottom abscissa͒ and AFM scan number ͑top abscissa͒. As in the previous experiment, the cell was held at a constant 0.8 V until the current was equal to 2 A at which point the cell was discharged ͑adding lithium to the tin͒ at a constant 2 A. After the first discharge cycle, the cell was allowed to relax before it was discharged again. Then the cell was charged to 1.3 V and again allowed to relax before undergoing the final discharge/charge cycle. The percentage volume changes for this experiment show the same features as for the previous results shown in Fig. 8 . As lithium is inserted and then removed, the electrode does not return to its initial state.
A curious feature in the volume expansion of Sn as a function of lithium content are the nonlinearities shown in Fig. 8 and 10 . Figure  11 shows the percentage volume change ͑Fig. 11a, solid dots͒ and voltage profile ͑Fig. 11b͒ for the first discharge taken from Fig. 10 . In an attempt to explain the observed features in the volume change, the theoretical volume changes for the crystalline Li-Sn alloys ͑cal-culated based on the crystal structures͒ listed in Table I are shown in Fig. 11a by rhombuses connected by a solid line. Although the theoretical values of the volume changes are close to the measured values, they do not explain the fine structure in the measurements. Figure 11 shows that the largest step in the volume-capacity relation is just after the LiSn-Li 7 Sn 3 coexisting phase region begins. We suspect that interparticle fracture in the coexisting phase regions may be the cause of the fine structure. Further work is needed to understand this fine structure properly. 
Conclusions
We have shown by in situ atomic force microscopy and by optical microscopy the formation of a thin film of electrolyte decomposition products on the surface of sputtered Sn electrodes during the anomalous high-voltage irreversible reaction with Li. The formation of this film is observed during a 1.6 V plateau in the voltage curve of a Li/Sn cell. We believe that the film is caused by a catalytic decomposition of electrolyte by the pure Sn electrode.
By contrast, Li/Sn cells rapidly discharged ͑adding lithium to the tin electrode͒ to 0.8 V showing no evidence on this film of decomposition products. Apparently, this rapid discharge suppresses the formation of this film. We believe this is because the Li-Sn alloy phases like Li 2 Sn 5 , LiSn, etc., are not catalytic surfaces for the decomposition of electrolyte like pure tin is. The size and shape of these film-free electrodes was then monitored during chargedischarge cycling. We observed changes in the average height and overall volume of the patterned tin towers that were well-correlated to the voltage-capacity curve of the Li/Sn cell. Furthermore, the volume of the electrode showed an overall increasing trend due to the presence of trapped lithium in disconnected electrode particles.
We emphasize that the behavior of patterned tin electrodes is completely different than that of patterned electrodes of amorphous silicon 5 or continuous electrodes of amorphous Si-Sn. 7,8 Sputtered a-Si or a-Si-Sn electrodes do not show catalytic electrolyte decomposition at any potential, and they show completely reversible height and volume changes as lithium is inserted and removed over the first few cycles. As we showed in Ref. 8 , a-Si-Sn electrodes remain amorphous as Li is inserted and removed. The lithium concentration is uniform throughout the a-Si-Sn particles, and cracking of the particles does not occur. Even though the amorphous particles do expand and contract by 300%, they do so homogeneously, and this is why they show reversible volume changes with cycling, unlike the patterned tin electrodes studied here. Recent experiments by Sayama et al., 9 also showed that 6 m thick a-Si sputtered films could be reversibly cycled for at least 20 cycles.
